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Excimer laser annealing of phosphorus-implanted p-type germanium substrate with various laser energy densities for nþ/p junction were
investigated. The effects of laser energy density on the redistribution of dopant, surface morphology, and recrystallization of the amorphous Ge
induced by ion implantation were characterized. A low specific contact resistivity of 1:61 106 cm2 was achieved from Al/n-Ge ohmic contact,
in which phosphorus-implanted Ge was annealed at a laser energy density of 250mJ/cm2, tailoring a small phosphorus diffusion length, high
activation level, and low dopant loss. A well-behaved Ge nþ/p diode with a rectification ratio up to 1:99 105 was demonstrated.
# 2013 The Japan Society of Applied Physics
G
ermanium, chemically compatible with stand-
ard complementary metal–oxide–semiconductor
(CMOS) technology, has attracted increasing atten-
tion due to its high carrier mobilities and large optical
absorption coefficient at the wavelength for optical commu-
nication. Despite the significant progress in Ge MOSFET
and photonic devices, there is still a big challenge in the
fabrication of good ohmic contact on n-Ge.1,2) On the one
hand, a strong Fermi-level pinning effect on n-type Ge in
the vicinity of the valence band maximum of Ge results
in a high effective electron Schottky barrier height (SBH)
when metals contact with n-Ge.3,4) On the other hand, the
fast diffusion of n-type dopants, which is positively related
to the doping concentration, makes it difficult to achieve a
high n-type doping level in Ge.5,6) Both of them are obstacles
to obtaining low specific contact resistivity for metal/n-Ge
ohmic contacts and nþ/p shallow junctions.
Several approaches, such as furnace annealing,7) rapid
thermal annealing (RTA),8) millisecond flash annealing9) on
n-type dopant ion-implanted Ge, have been attempted to
obtain nþGe. However, these methods are accompanied by
a significant dopant diffusion and poor electrical activation,
as well as severe dopant loss. The fast diffusion and poor
activation of n-type dopants are often ascribed to the
vacancies in Ge, such as vacancy–impurity pairs, which act
as acceptor states in the bandgap of Ge.6) In situ doping of
phosphorus during heteroepitaxial growth of Ge on Si also
resulted in low doping concentration of less than 1 1019
cm3 due to the fast diffusion of phosphorus assisted by
the defects or dislocations generated with the lattice
mismatch between Si and Ge.10,11) Because of these issues,
contacts to n-Ge formed by standard processes are typically
either rectifying or ohmic contacts with high resistivity
(>104 cm2).12–14)
Compared with those annealing methods, excimer laser
annealing (ELA) has unique advantages:15) (1) Annealing
time is only several tens of nanoseconds, much shorter than
other annealing methods, resulting in minimal thermal
diffusion of dopants and dopant loss; (2) ELA is a metastable
process, allowing active dopant concentration beyond the
dopant solid solubility limit; And (3) ELA can be used
to selectively heat the specific regions of the device. ELA
processes might provide a way to attain high activation
levels and effectively suppress donor diffusion in Ge.15,16) So
far, there are a few reports on laser annealing for the
formation of low-resistivity ohmic contacts to n-Ge17,18) and
high-rectification-ratio nþ/p shallow junction in Ge sub-
strate.16,19) It is desirable to clarify the effect of ELA on the
dopant diffusion and electrical activation in Ge for its
possible application in Ge device technology.
In this work, we investigated the effect of laser energy
density on the phosphorus diffusion in Ge implanted with a
high dose of 3:18 1015 cm2. A good ohmic contact was
realized for Al contacting with phosphorus-implanted Ge
annealed by excimer laser and Ge nþ/p junctions with high
rectification ratio beyond 105 were achieved.
A Ga-doped p-type Ge(100) wafer with a resistivity of
0.088cm (doping concentration of 8 1016 cm3) was
used as a substrate. The Ge wafer was circularly degreased
in an ultrasonic bath of acetone and ethanol, immersed in
hydrofluoric acid solution (HF : H2O ¼ 1 : 50) to remove the
native oxide, rinsed with deionized water, and then finally
blown dry by nitrogen. Prior to ion implantation, a 15 nm
SiO2 film was deposited on the Ge surface by plasma-
enhanced chemical vapor deposition. Phosphorus was im-
planted at an energy of 30 keV and a dose of 3:18 1015
cm2. Before annealing, SiO2 on the surface was removed
using concentrated hydrofluoric acid at room temperature.
Two-pulse laser annealing with various laser energy densities
from 150 to 500mJ/cm2 was performed in nitrogen ambient
using a 248 nm KrF excimer laser with a repetition frequency
of 1Hz and pulse duration of 25 ns. The laser spot size was
4 3mm2, and continuous stepping in X- and Y-directions
was carried out to cover the whole sample. The dopant
profiles were measured by secondary-ion-mass spectrometry
(SIMS), and the surface morphology and recrystallization
of Ge were characterized by atomic force microscopy
(AFM) and high-resolution transmission electron microscopy
(HRTEM). The patterns of Al contacts for circular transmis-
sion line measurements (CTLM) and Ge nþ/p diodes were
defined by standard photolithography and dry/wet etching
with oxide hard masks. A 300 nm Al film was sputtered on
the backside of the Ge wafer as the other electrode.
The phosphorus profile in Ge annealed using an excimer
laser with various energy densities of 200, 300, and 500
mJ/cm2 was measured by SIMS, as shown in Fig. 1. The
peak concentration of phosphorus was 8:6 1020 cm3.
After excimer laser annealing, the phosphorus profile can be
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well described with a plateau at the region of the peak
concentration and the dopant diffusion toward the substrate
at the region between 100 and 400 nm according to the laser
energy density. From dose integration of the SIMS data of
the ELA samples, we obtained a dose reduction of less than
10% for all the samples as compared with the implanted
dose, which is much smaller than the reported results
after other thermal treatments.20–23) It can be seen that the
phosphorus diffusivity in Ge increases with laser energy
density in the range of 200 to 500mJ/cm2. The almost linear
dependence of diffusivity on laser energy density makes it
convenient to control the junction depth. Nevertheless, the
diffusion of dopants is much less severe in Ge annealed by
ELA than in that annealed by other thermal treatments such
as rapid thermal annealing,24) demonstrating that ELA is a
promising annealing technique for shallow junction.
Figure 2 shows the sheet resistance of the phosphorus-
implanted Ge after laser annealing with energy densities
from 200 to 500mJ/cm2. The sheet resistance changes
slightly with the increase of energy density, which is
determined on the basis of the dopant profile nðxÞ and
junction depth Xj. Because the diffusion length increases
with increasing laser energy density, the electrical concen-
tration for the sample annealed at 200mJ/cm2 is the highest
among them. Given that the phosphorus profile is approxi-
mated as a box shape, the average electrical activation
concentration can be estimated using the equation,




where NB is the background p-type doping concentration
of the Ge wafer, and q is the electron charge. Using the
mobility f½nðxÞg values,25) the average electrical activation
concentrations are evaluated to be 1:5 1020, 1:2 1020,
and 6:0 1019 cm3 for the samples annealed at 200,
300, and 500mJ/cm2, respectively, and the activation ratios
are more than 80%. The maximum electrical concentra-
tion is close to the phosphorus solid solubility limit
(2 1020 cm3).
The evolution of surface morphology of the samples after
ELA was analyzed by AFM. Figure 3 shows the root-mean-
square (RMS) surface roughness for the as-implanted and
ELA samples. The insets are the typical AFM images after
ELA with various energy densities. It can be seen that the
surface is very smooth for all the samples. When the samples
are annealed at a laser energy density of less than 300
mJ/cm2, the RMS values are almost identical to that of the
as-implanted sample (less than 0.5 nm). Even if the laser
energy density is up to 500mJ/cm2, the surface roughness
increases slightly to 0.62 nm.
Figure 4 shows the cross-sectional HRTEM images of
the as-implanted and ELA samples at 200 and 500mJ/cm2.
It is clearly seen that an amorphous Ge layer with the
amorphous/crystal interface at 55 nm depth from the surface
is formed, which is in good agreement with the prediction
using the crystal damage energy density model with phos-
phorus implantation under 30 keV energy and in a dose of
3:18 1015 cm2.26,27) After annealing at energy densities of
200 and 500mJ/cm2, the amorphous Ge layer is uniformly
recrystallized, in which a few of defects can be detected.
In order to investigate the effects of laser energy density
on the electrical properties of phosphorus-implanted Ge,
the specific contact resistivity (C) of Al/n
þGe contacts
is measured with CTLM structures after the samples are
annealed at 150, 200, and 250mJ/cm2. The relatively low
laser energy densities of less than 300mJ/cm2 are chosen to























Fig. 1. Phosphorus SIMS depth profile of phosphorus-implanted Ge
substrates before and after laser annealing at energy densities of 200, 300,
and 500mJ/cm2 with two successive pulses.



















Fig. 2. Sheet resistance of phosphorus-implanted Ge as a function of laser
energy densities from 200 to 500mJ/cm2.
Fig. 3. RMS roughness measured by AFM as a function of laser energy
density. The insets show the typical 10 10 m2 AFM images of the
as-implanted and ELA samples.
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diminish the phosphorus diffusion depth. CTLM structures
consist of a circular metal pad separated from a larger metal
pad by a ring of semiconductor material with inner radius
(r0) of 80 m and gap spacing from 10 to 80 m. Applying a
bias voltage between the two pads for different gap spacings
to obtain the resistance, we can plot the resistance versus
gap spacing and extract the sheet resistance RS and transfer
length LT. The specific contact resistivity can be calculated
as C ¼ RS  LT2. Figure 5 shows the schematic of CTLM
structures and the dependence of contact resistance for
the samples annealed at 200 and 250mJ/cm2 on the gap
spacing (for the sample annealed at 150mJ/cm2, the Al/
n-Ge contact shows rectifying characteristics). The ex-
tracted values of C are about 9:71 106 cm2 for the
sample annealed at 200mJ/cm2 and 1:61 106 cm2
for that annealed at 250mJ/cm2. Compared to our previous
results,13) the value of C is improved by about three orders
of magnitude. This is a significant improvement compared
to the typical values of C  104 cm2 reported by other
groups12,14) for a single implantation followed by RTA,
opening the opportunity to implement Ge in advanced
CMOS and memory applications.
The typical current–voltage (I–V ) characteristics of
the Ge nþ/p junctions formed after ELA at laser energy
densities from 0 to 500mJ/cm2 with two successive pulses
are shown in Fig. 6. The extracted ideality factors from I–V
characteristics of the nþ/p junctions after ELA at laser
energy densities of 150, 200, 250, 300, and 500mJ/cm2
are about 1.44, 1.32, 1.28, 1.28, and 1.41, respectively.
For the as-implanted samples, I–V characteristics are ohmic-
like, which can be ascribed to the lower activation of
phosphorus, being unable to compensate acceptors in the
p-Ge, and large leakage current due to implantation damage.
After ELA at 150mJ/cm2, the nþ/p junctions are formed,
indicating that the n-type Ge layer is formed on the p-type
Ge. The reverse current and ideality factors for the diodes
decreases with increasing laser energy density from 0 to
300mJ/cm2, suggesting that the activation level of phos-
phorus and recovery of implant damage can be effectively
improved by increasing energy density. However, when
laser fluence is up to 500mJ/cm2, the ideality factor and
reverse current density are increase, which could be
attributed to the increased surface roughness and the lower
doping level as confirmed by AFM and SIMS. The obvious
large forward current at a small voltage bias for the sample
annealed at 150mJ/cm2 implies the large generation–
recombination current due to the unhealed implantation
damage. The Ion=Ioff ratio up to 1:99 105 is achieved at a
laser energy density at 250mJ/cm2, which is one or two
orders of magnitude higher than those shown in the previous
reports.16,19,28) Those results suggest that the Ge nþ/p
shallow junction with high electrical performance can be
achieved by excimer laser annealing and phosphorus
implantation into p-type Ge at a relatively low laser energy
density.
In summary, the influence of laser energy density on
dopant diffusion and recrystallization of phosphorus-
implanted Ge has been investigated utilizing 248 nm KrF
Fig. 4. Cross-sectional HRTEM images for (a) as-implanted Ge, (b) that laser annealed with 200mJ/cm2, and (c) that laser annealed with 500mJ/cm2.



























Fig. 5. Dependence of CTLM resistance on gap spacing for Al/n-Ge
contacts. The inset shows the CTLM schematic structure (top view).
A linear fit was used to extract the specific contact resistivity C.






































Fig. 6. I–V characteristics of Ge nþ/p shallow junction formed before and
after ELA at laser energy fluences from 0 to 500mJ/cm2.
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excimer laser annealing. A low specific contact resistivity of
1:61 106 cm2 for Al/nþGe ohmic contact and a well-
behaved Ge nþ/p shallow junction diode with a rectification
ratio up to 1:99 105 are obtained after excimer laser
annealing of phosphorus-implanted Ge at 250mJ/cm2.
Therefore, ultrashallow nþ/p junctions for Ge with higher
rectification ratio are feasible by scaling down the P ion
implant energy and the laser annealing fluence, which would
be immensely beneficial to the nanoscaled Ge MOSFET
applications.
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